Introduction
Skin is an organ consisting of around 8 % of an adult's body weight and is the outermost defense organ that protects us from environment. The skin is composed of the dermis and epidermis. The dermis is the inner layer and it has a mesodermic origin. The epidermis (epi = over) is the outermost layer of the skin, and it has an ectodermic origin [1] . The dermis provides all nutrients and oxygen to the epidermis through blood and lymph vessels. Thus, the oxygen and nutrition of the epidermis are provided from the internal to the external environment of the body (from the inside out), which should be borne in mind when considering skin health and its relationship with nutrition.
Collagen is ubiquitous in all organs and the most abundant protein in the human body (30 % of all body proteins) and represents around 50 % of skin weight. Functionally, collagen maintains skin integrity by continuous remodeling stressed structures, so consuming a high amount of both energy and substrates for protein metabolism [2] . Indeed, collagen synthesis requires around four high-energy bonds ($ATP equivalents) for each amino acid inserted into the molecule [3] . Similar costs have been calculated for protein synthesis only in bacteria [4] . Therefore, the costs and complexity of wound healing (lesions of the epidermis and dermis from outside in) are an enormous metabolic problem, as discussed in chapter "▶ Aging skin. Nourishing from Out-In. A Lesson from Wound Healing" in this textbook.
Consequently, the relationship between body protein and skin protein metabolism should be considered closely interlinked. The impairment of body protein metabolism would reflect similar impairment of skin health particularly in aged patients as will be discussed later. This is why treatment of wounds, especially chronic ones, solely by topical treatment, is only marginally effective. Therefore, before any procedure, dermatologists should assure that the patient's nitrogen/protein metabolism is supported adequately; otherwise, its local care, although potentially beneficial, could be ineffective.
Although alterations of skin structure are visible features of aging, there is only incomplete knowledge about the relation between normal or altered diet and skin aging, in particular when compared with the huge amount of published literature dealing with aging, diet, and peripheral muscle maintenance [5] [6] [7] .
Healthy skin contains one-eighth of the body's total proteins. In addition, it contains collagen, constituting 70 % of the total nitrogen content of the skin. So, the hypothesis that alterations of protein synthesis linked to malnutrition may drive alterations of the skin's extracellular matrix structure [8] , as observed in many other organs, also makes sense in humans. As such, the collagen anabolic/catabolic ratios and balances may be strictly linked, and both skin and bone collagen health is coordinated by the whole-body protein synthesis balance, particularly in the elderly.
Simple Steps and Methodology for Detecting and Monitoring Protein Malnutrition: The First
Step to Therapeutic Success Early identification and evaluation of protein metabolic impairment are fundamental steps for better patient care, avoiding additional and independent damage and allowing traditional therapy to work properly. Assessment by specific biomarkers of early changes in body protein metabolism may be fundamental in identifying and monitoring initial damage and protein metabolic-related abnormalities before they are irreversible [9] .
The first step in assessing global metabolic impairment is to evaluate body mass index (BMI). However, BMI cannot distinguish lean muscular from fatty tissues separately, and it is also influenced by fluid retention. Thus, body global protein metabolism can be more reliably measured by static, functional, and dynamic biomarkers. Indeed, we believe that a single ideal biomarker of protein metabolism impairment does not exist at this time. Each measurement has certain advantages, disadvantages, and/or limitations. It is recommended to use an integrated critical evaluation for best therapeutic success.
Static Biomarkers
These include: (1) anthropometric measurements, which distinguish muscular lean mass from fatty mass, and (2) visceral blood proteins, which provide information on visceral protein synthesis:
1. Anthropometric Measurements. The gold standard equipment for anthropometric measurements of body composition is the dual-energy X-ray absorptiometry (DEXA or DXA). However, DXA scanners are expensive equipment, and although DXA uses low-energy X-ray, patients are still exposed to radiation.
Skinfold thickness and arm muscle area are simpler methods for analyzing body composition and indirectly evaluating general protein metabolism. These biomarkers can be routinely evaluated at the patient's bedside, so specific training is not needed [10, 11] : -Skinfold Thickness. This is an index of fatty mass. It should be measured using a plicometer in specific body sites such as the triceps (TSF), measuring along the midline on the back of the triceps of the right arm pinching the skin so that the fold is running vertically; pectoral, using a line from the fold of the axillary to the nipple, determining the midpoint; abdominal, measuring about 1 in. laterally to the right side, from 0.5 in. below the umbilicus lifting a horizontal fold of skin; suprailiac, measuring the top of the iliac crest; and thigh, using a midline of the front of the thigh and measuring midway between the inguinal crest. -Arm Muscle Area (AMA). This is an index of lean muscular mass. First, we have to measure the mid-arm muscle circumference (MAMC). Then, the AMA can be calculated also using TSF according to the following formula:
TSF and AMA can be used in patients with fluid retention [12] . 
A Functional Biomarker
The lymphocyte blood count is an indirect functional biomarker of cell proliferation, protein synthesis, and energy availability. Reduced lymphocyte protein metabolism causes cell-cycle loss with consequent low counts of circulating lymphocytes. Scarce circulating lymphocytes induce the malfunction of systemic immunity with an increased risk of infection [14] . This biomarker is easy to monitor but it should be interpreted together with other information.
Dynamic Biomarkers
1. Nitrogen Balance (NB). NB is the ratio of nitrogen introduced into an organism from consumed food AAs to the quantity of nitrogen excreted in the urine. NB is expressed as g/day according to the formula:
where: NI = nitrogen intake/supply in g/day À1 evaluated by protein intake (g/day) where g of N is equal to intact protein/6.25 g. NV = urinary nitrogen excretion as urea in g/day À1 + 20 % NV for non-urea N excretion. 2 g is the nitrogen lost in feces and sweat.
If NB >1 g/day À1 indicates the prevalence of protein synthesis, then NB < 1 g/day À1 suggests the prevalence of protein degradation [15] . NB is neither easy to obtain or to calculate. Moreover, NB depends mostly on urea concentrations as has recently been indicated. Urea concentrations in plasma and urine critically depend on the arginine content of diets, as arginine is the precursor of urea synthesis, cleaved by arginases forming urea and ornithine mostly but not exclusively by the liver. Arginase-1 (in the liver and erythrocytes) is rapidly inducible by high arginine content in diets. These modifications have multiple consequences; the misleading achievement of sufficient essential amino acid intake by a positive NB due to rapid elevation of plasma and urinary urea is just a part of this very complex clinical picture [16] .
3-Methylhistidine (3-MeH). 3-MeH is an
index of proteolysis. 3-MeH originates from methylation of histidine. This process is stimulated by catabolic hormones, inflammatory molecules, and/or insufficient qualitative and quantitative nutrient intake including AAs [17] . Therefore, the massive presence of 3-MeH in the blood or urine would suggest protein degradation. 3-MeH measurement is not easy to perform, and its value should be integrated with other biomarkers and indicators.
Skin Aging, Collagen, and the Effects of Malnutrition
The worst is not/ so long as we can say 'This is the worst'. (W. Shakespeare, King Lear, 4.1. [29] [30] Collagen makes up for 70 % of the total nitrogen content of the skin, and its fractional synthesis rate is relatively high in both animals and humans. Indeed, the collagen synthesis rate is superior to 56-72 % a day in the epidermis and 2.6-2.9 % in the dermis [18] . Furthermore, rapid transportation of nutrients between the dermis and epidermis has been found in healthy well-fed patients, able to maintain epidermal integrity.
With the progression of age, the skin undergoes a series of events that gradually reduce its structural integrity and function with changes of appearance and structure. As already observed, the dermis owes its structural stability and resilience to collagen, so the reduction and/or alteration of collagen proteins leads to changes of the appearance and function of the skin. The quality of the collagen that remains is altered by greater disorder. Like collagen, elastin displays morphology alterations, which decreases the elasticity of the skin in the aged dermis [19] . It is interesting to note that skin collagen and bones as well as connective tissue of most body organs have similar amino acid sequences typical of collagen type I.
The functional, age-related, changes of the skin include slowing of reepithelialization. Thus, the skin becomes more fragile and thin, and in the elderly, skin wounds need more time to complete healing. However, the clinical impact of these changes in acute wound healing of healthy people seems to be small. On the contrary, poor healing in chronic wounds is largely seen in the elderly with comorbidities [20] .
Histological analysis of skin thickness shows that the dermis of malnourished animals is significantly thinner compared to well-nourished animals [8] . This observation is concomitant with compromised collagen synthesis in other organs such as the intestinal wall [21] . These findings indicate that skin collagen integrity is strictly entangled with protein malnutrition. Clinically, this has been proven by the impaired growth in malnourished children [22] and the importance of implementing an adequate protein intake in the elderly to maintain bone health [23] .
It is also interesting to note that malnutrition impairs skin vitamin D 3 production. Interestingly, vitamin D 3 is involved in anabolic processes reducing other aspects of body metabolic efficiency [24, 25] . Therefore, the skin of aging people may pay debts that are shared with all other body organs, so the skilled dermatologist should be able both to detect protein malnutrition and to solicit adequate nutrition protocol. If not, the topical therapeutic approach will not be efficient. Finally, there are many different molecular mechanisms connected with skin aging [26] ; the most representative are described below.
Molecular Biologist's View of Skin Aging: Intrinsic and Extrinsic Factors at Play
It is well known that skin aging is a consequence of genetically determined biological factors influenced by oxidative stress [27, 28] and environmental (such as sunlight ultraviolet radiation) factors [29] . The first type of skin aging is called intrinsic aging, while the second is called extrinsic aging [30, 31] . Nevertheless, it is reasonable to think that extrinsic aging works on the same basis as the intrinsic mechanisms of aging.
The intrinsic aging process is thought to be similar to that occurring in internal organs. The external stratum corneum seems to be unaffected, while the epidermis and dermis lose their function and structure. Indeed, a reduced number of fibroblasts and a reduction of their biosynthetic capacity have been observed. Furthermore, there is an increase in the density of collagen fibers that are also randomly oriented [26] .
The main molecular determinants of the skin aging process include reduced skin cell proliferation capacity, reduced collagen type I synthesis, and increased collagen breakdown mediated by matrix metalloproteinase (MMP) activity, further promoted by a concomitant decrease of MMP inhibitors. The result is the alteration, structural and compositional, of the long-lived collagen types I and II, which are the main structural components of the extracellular matrix proteins of the dermis [32] . Indeed, it has been shown that changes of the epidermis are minimally involved with skin aging, while in major alterations involving the dermis, there can be seen damaged and disorganized collagen fibrils.
Furthermore, a reduced proliferative rate of skin cells (fibroblasts, keratinocytes, melanocytes) is also found with aging. These changes tip the balance from matrix-producing to matrixdegrading phenotype, so determining atrophy of the dermis and so the occurrence of wrinkles. Nevertheless, the molecular mechanisms underlining the intrinsic and the extrinsic skin aging, although sharing similarities, are different with MMP activity, particularly on photoaged skin.
At the molecular level, it has been shown [33] that ultraviolet radiation (probably the most important factor responsible for extrinsic skin aging) is capable of modulating MMP induction through the activation of growth factor receptors on fibroblasts and keratinocytes. The activated epidermal growth factor receptor (EGFR), through the GTP-binding regulatory protein p21Ras, mediates the activation of the MAP kinase signal transduction, which activates ERK, JNK, and p38MAPK. Both JNK and p38MAPK phosphorylate and activate the activating transcription factor 2 (ATF2) that upregulate c-Jun expression. This associates with the constitutively expressed c-Fos to form the activator protein (AP) 1 transcription factor which is necessary for the transcription of MMP genes. c-Jun expression is elevated in the old skin. Indeed, in human skin, the AP-1 transcription factor activity is limited by the expression of c-Jun being c-Fos expressed at the same rate in the young and in the old skin.
Other growth factor receptors, such as interleukin-1 receptor, tumor necrosis factor receptor, and platelet-derived growth factor receptor, also share this action mechanism. The common endpoint is the loss of collagen in the skin with a remodeling of elastic fibers. This event is modulated differently in extrinsic and intrinsic aging and is associated with the loss of tissue compliance and resilience and the formation of wrinkles. It therefore seems that there is a causative link between elastic fiber remodeling and functional changes (loss of elasticity) in aging skin.
Studies conducted by several groups have revealed that UV radiation mainly increases three MMPs, that is, the collagenase MMP1, the stromelysin-1 MMP3, and the gelatinase MMP9. All of these are regulated at the transcriptional level by the AP-1 transcription factor. These MMPs are induced in the epidermis (epidermal keratinocytes) and are secreted in the dermis where they degrade collagen. It has been hypothesized that dermal cells might also be involved with MMP production through a paracrine mechanism mediated by the release of growth factors or cytokines, which in turn modulate MMP production in epidermal keratinocytes [34, 35] .
Fragments of elastin and fibrillin-1 deriving from elastic fiber remodeling are capable of influencing the expression of MMPs and, as a consequence, promoting the degradation of most dermal proteins such as collagen. Furthermore, fibrillin may play a role in mediating homeostasis of the tissue by mediating the sequestration of TGFβ [36] [37] [38] . TGFβ is a tightly regulated growth factor that controls cell proliferation, survival, differentiation, and migration. Its latent and inactive form is non-covalently bound to other proteins such as the latency-associated pro-peptide (LAP) to form the small latent complex (SLC), and when bound by latent TGFβ-binding protein (LTBP), it forms a large latent complex (LLC).
LTBPs are proteins structurally related to fibrillins that regulate TGFβ activity. It has been suggested that the activation of the latent TGFβ is mediated by its proteolytic release from the inactive latent complex, by the competition of thrombospondin-1 with SLC, by pH changes, or by the action of reactive oxygen species. The active TGFβ then binds to the TGFβ-R1 and TGFβ-R2 heterodimer, which leads to the phosphorylation of the TGFβ-R1, which in turn phosphorylates the intracellular signaling proteins SMAD2 and SMAD3. Their phosphorylation allows the binding of another intracellular protein called SMAD4, which in turn allows the translocation of the complex into the nucleus where it acts as a transcription factor (in association with cofactors) for the regulation of target-gene expression. Fibrillin-1 has been shown to mediate TGFβ release from the inactive latent complex, thus promoting its activity. The impairment of the TGFβ pathway is therefore probably responsible for the reduction of procollagen synthesis in aged skin.
Since dryness and the associated loss of elasticity are also associated with skin aging, a further important mediator is the skin's capacity to retain water in order to maintain skin moisture. The key molecular mediator involved with skin moisture maintenance is hyaluronic acid (HA). This is a glycosaminoglycan mainly expressed in the extracellular matrix of the skin. It is synthesized by HA synthases (HAS), while it is degraded by hyaluronidases. The rate of HA turnover is dynamic, and in the skin, it has a half-life less than a day. TGFβ is an important stimulator of HA synthesis since the expression of HAS1 and HAS2 is regulated by TGFβ, although differentially in the dermis and epidermis. The marked reduction of HA in aging skin is associated with its loss in the epidermis, while it is conserved in the dermis. Furthermore, a reduction in size of the HA polymers in the skin [39] has also been observed.
Extrinsic skin aging is also characterized by a distinct homeostasis of HA [40] . Photo-exposed skin shows an increased amount of degraded (lower molecular weight) HA compared with the photo-protected skin, and this degradation is associated with an increase of hyaluronidases 1, 2, and 3 and with a decreased expression of HAS1. This underlines differences at a molecular level which distinguish photoaging (extrinsic) from natural aging (intrinsic).
Evidence from Experimental Models of Essential Amino Acids in the Diet as a Key Factor in Maintaining the Integrity of Aged Skin and Accelerating Wound Closure
Amino acids (AAs) are known to regulate protein metabolism, and they have been tested in order to establish their effect on the dermal tropocollagen synthesis rate. It has been observed that a combination of branched-chain AA (BCAA) and glutamine or proline derived from glutamine metabolism is important for restoring the impaired dermal collagen protein synthesis in malnourished animals [41] .
It is accepted that protein malnutrition is a well-established factor damaging skin health. However, the role and relevance of peculiar amino acids in skin health and improvement of wound-healing processes are not clear. Indeed, previous results showed that the excess of nonessential AA (NEAA) provokes negative effects on protein synthesis and cannot be considered "nonbelligerent" in protein metabolism. Indeed, an excess of NEAA impairs wound health and healing (see also chapter "▶ Aging Skin. Nourishing from Out-In. A Lesson from Wound Healing"). Thus, in order to study the role and effects of the availability of different percentages of EAA and NEAA, an experimental pilot study in healthy middle-aged rats (12 months) compared the effects of three different feeds on wound healing, each of which contained a different ratio of EAA to NEAA, while nitrogen content remained strictly the same. The three groups (identified in images as A, E, and D) had the following percentage of AA as components of nitrogen intake: (1) diet A contained exclusively EAA (100 %); (2) diet E contained 45 % of EAA and 55 % of NEAA, which is the same ratio found in casein (used as control group); and (3) diet D contained predominantly NEAA (85 %) while EAAs were only 15 %.
Preliminary data showed that already after 15 days, there was a marked difference in body weight (b.w.) between the three groups. In particular, the tendency to reduce b.w. in group D compared to an increase in group E. After 15 and 60 days of treatment, b.w. difference between animals fed with different diets varied significantly. In particular, diet D caused a steady and rapid decrease of weight, reaching 28 % after 60 days. By contrast, with diet E, there was an increase of about 12.5 % in b.w., while diet A did not lead to any significant changes in b.w., although growth in length was not affected and there was evident loss of abdominal fat, with only 6 % of increases in b.w. after 60 days. Curiously, the animals fed with the diet D, although they had a considerably reduced b.w., ate about 23 % more than the control group and drank about 50 % more than diet E-fed animals.
The physical impairment of the animals was also accompanied by early alteration of skin structure. Feeding with diet D reduced the thickness of the epidermis and altered cellular organization. The basal layer was formed by abnormal cells with flattened and elongated nuclei, while the granular layer was absent or very reduced (Fig. 1a-c) . Moreover, a diet deficient in EAA also changes the organization of the dermis. In fact, with diet D the collagen fibers became thinner and more spaced and tended to arrange themselves in a more disorganized manner (Fig. 1d-f ).
The effect of the different relations between EAA and NEAA was also observed in the time needed to heal identical wounds. The wounds produced in animals fed with diet A, composed mainly of EAA, healed quicker compared to the standard diet E, based on casein and therefore containing about 55 % of NEA. In contrast, the wounds of the animals fed with diet D, poorest in EAA (85 % of NEA), had significantly greater healing times (Fig. 2) .
The different timespans of wound closure also seem to be due to the fact that the availability of EAA affects the production and organization of collagen fibers. Indeed, already after 15 days from the wound, with diet A, abundant production of thick and well-oriented collagen fibers was observed. On the contrary, diet D produced scarce and thin collagen fibers with random orientation (Fig. 3a-c) .
Similarly, after 30 days from wounding, although wounds were healed for all groups, the organization and thickness of the collagen fibers were largely different (Fig. 3d-f) . These observations suggest that it is not the amount of nitrogen, but the quality of the nitrogen sources that affects the physical condition. Although the study is still preliminary, physical exhaustion and morphological and structural changes of the skin seem comparable with those observed during senescence. It is therefore possible that the prevalence of EAA in the diet may be a key to prevent or slow tissue aging, confirming the observations by D'Antona et al. [42] in muscles and the heart. However, preliminary data also provide another aspect until recently little known, i.e., that NEAA significantly hinders the normal cell physiology in a dose-dependent manner. This was particularly evident in influencing the timing of wound healing. In accordance with this, as reported in another chapter "▶ Aging Skin. Nourishing from Out-In. A Lesson from Wound Healing," NEAA significantly hinders the normal cell physiology in a dose-dependent manner since they are particularly efficient in influencing the timespan of wound healing.
We believe that these findings may open new scenarios in understanding the causes that lead to the impairment of health of aging skin, as well as suggesting procedures for the prevention or treatment of related pathologies.
Conclusion
Collagen metabolism is fundamental for maintaining skin integrity as it makes up 70 % of total nitrogen content of skin proteins. However, skin collagen metabolism is negatively altered in protein-malnourished states often present in aged people. The alterations of skin linked to protein metabolism impairment are an aspect of human pathophysiology, although not easily evaluable, this is worth attention and the development of the specific procedures of assessment of damages and success of therapies. Indeed, insufficient amino acids or altered balance between EAA and NEAA modifies the balance of collagen protein turnover and resynthesis. Although there is debate about which is the best formulation of amino acids suitable for maintaining and promoting skin collagen health, certainly a primary role is linked to sufficient essential amino acid availability. This is not an isolated requirement of skin, but an obliged requirement of skin in a complex balance ruled by metabolism requirements of the whole body's tissues and organs. Consequently, matching the needs of sufficient essential AA intakes is important for the body's organ metabolism and the skin's needs should be included in these total requirements. 
